Background Growth differentiation factor-5 (GDF-5) is a key regulator of skeletogenesis and bone repair and induces bone formation in spinal fusions and nonunion applications by enhancing chondrocytic and osteocytic differentiation and stimulating angiogenesis. Elucidating the contribution of GDF-5 to fracture repair may support its clinical application in complex fractures. Questions/purpose We therefore asked whether the absence of GDF-5 during fracture repair impaired bone healing as assessed radiographically, histologically, and mechanically. Methods In this pilot study, we performed tibial osteotomies on 10-week-old male mice, stabilized by intramedullary and extramedullary nailing. Healing was assessed radiographically and histologically on Days 1 (n = 1 wild-type; n = 5 bp [brachopodism]), 5 (n = 3 wild-type; n = 3 bp), 10 (n = 6 wild-type; n = 3 bp), 14 (n = 6 wild-type; n = 6 bp), 21 (n = 6 wild-type; n = 6 bp), 28 (n = 7 wild-type; n = 6 bp), and 56 (n = 6 wild-type; n = 6 bp) after fracture. After 10 (n = 7 wildtype; n = 7 bp contralateral and n = 3 bp fractured tibiae), 14 (n = 6 wild-type; n = 6 bp), 21 (n = 6 wildtype; n = 6 bp), 28 (n = 6 wild-type; n = 3 bp), and 56 (n = 8 wild-type; n = 6 bp) days, the callus crosssectional area was calculated. We characterized the mechanical integrity of the healing fracture by yield stress and Young's modulus at 28 (n = 6 wild-type; n = 3 bp) and 56 (n = 8 wild-type; n = 6 bp) days postfracture. Results The absence of GDF-5 impaired cartilaginous matrix deposition in the callus and reduced callus crosssectional area. After 56 days, the repaired bp fracture was mechanically comparable to that of controls. Conclusions Although GDF-5 deficiency did not compromise long-term fracture healing, a delay in cartilage formation and remodeling supports roles for GDF-5 in the early phase of bone repair.
Introduction
GDF-5 is a member of the transforming growth factor-b (TGF-b) superfamily of signaling molecules [3, 25, 31] . GDF-5 is expressed embryonically in precartilage condensations [7, 15, 43] , the cartilaginous core of long bones [7, 15] , on articular surfaces and joint interzones [7, 15] , and along the perichondrium [7, 15] . In embryonic chondrogenesis, GDF-5 increases chondroprogenitor migration and condensation in vitro [8, 9, 15, 21] and in vivo [15, 46] . Exogenous GDF-5 induces de novo chondrogenesis [43] , osteogenesis [11, 26, 29, 39, 40, 50] , tenogenesis [47] , and angiogenesis [48] . Supplementation of GDF-5 to mesenchymal progenitor cells in culture increases chondrogenic pellet size [2] , cellular proliferation [18, 19] , and stimulates the expression of chondrogenic and osteogenic markers [2, 18, 19, 28, 38, 49, 51, 52] . GDF-5 therefore is an important signaling molecule in skeletal development and thus may have therapeutic potential for the repair of these tissues.
Mutations in the human homologue of GDF-5, cartilagederived morphogenetic protein 1, result in multiple acromesomelic chondrodysplasias, including Grebe type [1, 10, 13, 41, 45] , Hunter-Thompson type [45] , Du Pan [14, 24, 44] , brachydactyly type C [12, 16, 33, 35] , brachydactyly type A2 [27, 36] , and symphalangism [36] . These syndromes present with a healthy axial skeleton and altered limb anatomy, including long bone shortening, bone fusions, and misalignment. Murine mutations in GDF-5 result in brachypodism (bp [42] ), wherein the mice have shortened, more compliant long bones [32] , morphologic changes in articulations of the knees and hips, loss of tendons, and fusions of skeletal elements in the paws, ankles, and wrists [20, 30, 42] .
Administration of GDF-5 induces de novo bone formation at ectopic sites [11, 39, 40] in applications such as spinal fusion [26, 39, 40] , nonunion repair [39, 40] , and calvarial defects [29, 50] . However, GDF-5 is less osteogenic than the more commonly used members of the TGF-b family, such as OP-1 [18, 19] . As is true for several TGF-b superfamily proteins [17] , the functional roles of GDF-5 in bone fracture repair involve enhancement of osteogenic differentiation [38, 49, 51, 52] and angiogenesis [37, 38, 48] , thereby supporting bone regeneration. In repairing fractures, GDF-5 mRNA expression is localized to chondroid bone with considerable expression in the callus [6, 34] . The greatest expression of GDF-5 correlates with peak expression of collagen type II, suggesting a close link between GDF-5 and the chondral phase of fracture repair [6] . Chhabra et al. observed a delay in femoral fracture repair in the absence of GDF-5 protein resulting from delayed cellular recruitment and chondrogenesis in the callus [5] , suggesting a similar function for GDF-5 in adult reparative situations as that in skeletogenesis [9, 15] . Although Chhabra et al. [5] identified a delay in chondrogenesis in the callus, they did not explore the mechanical integrity of the healed femur.
We therefore asked whether absence of GDF-5 during fracture repair impaired bone healing as assessed radiographically, histologically, and mechanically.
Materials and Methods
Using two independent groups, the contribution of GDF-5 to fracture healing was examined using a tibial osteotomy model. Ten-week-old male bp mice with a GDF-5 null mutation (A/J-GDF5 bp-J/+ bp; Jackson Laboratory, Bar Harbor, ME, USA) and their wild-type background counterparts (A/J; Jackson Laboratory) were compared over 56 days of healing ( Fig. 1 ). The effect of GDF-5 function on repair was evaluated radiographically on Days 1, 10, 21, 28, and 56, by histologic profiling on Days 1 (n = 1 wildtype; n = 5 bp), 5 (n = 3 wild-type; n = 3 bp), 10 (n = 6 wild-type; n = 3 bp), 14 (n = 6 wild-type; n = 6 bp), 21 (n = 6 wild-type; n = 6 bp), 28 (n = 7 wild-type; n = 6 bp), and 56 (n = 6 wild-type; n = 6 bp) postfracture, through quantification of callus cross-sectional area on Days 10 (n = 7 wild-type; n = 7 bp contralateral and n = 3 bp fractured tibiae), 14 (n = 6 wild-type; n = 6 bp), 21 (n = 6 wild-type; n = 6 bp), 28 (n = 6 wild-type; n = 3 bp), and 56 (n = 8 wild-type; n = 6 bp) postfracture, and mechanically on Days 28 (n = 6 wild-type; n = 3 bp) and 56 (n = 8 wild-type; n = 6 bp) postfracture. All procedures involving animals were approved by the National Institutes of Health Animal Care and Use Committee.
We initially used a published model of murine tibial fracture in which the fracture is created by releasing a drop weight onto the bone stabilized with an intramedullary pin [22] ; this model consistently resulted in shattering of the bp bones. Additionally, because bp mice have short tibiae with narrow marrow cavities ( Fig. 2A-B ), commonly used external fixators [4] also were inappropriate. It therefore was necessary to devise an alternative surgical technique. At 10 weeks of age, the animals were anesthetized with isoflurane (Fisher Scientific, Pittsburgh, PA, USA), and a longitudinal incision was created along the length of the lower right leg. Muscle and connective tissue on the medial side of the tibia were separated to expose the bone without disturbing the periosteum. Directly below the tuberosity of the tibia, a 0.5-mm hole was created using an ophthalmic burr creating an entry site for an intramedullary pin ( Fig. 2C-D) . A middiaphyseal osteotomy then was created with bone-cutting scissors and an intramedullary pin (000 gauge, 0.25 mm in diameter) inserted in the narrow marrow space ( Fig. 2E -F). To prevent nonunions as a result of weightbearing-induced angulation of the intramedullary pin, a second 0-gauge pin was applied parallel to the medial surface of the tibia and anchored to the tibia with two resorbable sutures ( Fig. 2G-H ). Application of Nexaband (Abbott, North Chicago, IL, USA) surgical adhesive prevented the suture knots from loosening. The wound was closed with surgical staples, which were removed on postoperative Day 10. Animals were given 1.0 mg/kg buprenorphine every 8 to 12 hours for 2 days postoperatively and were permitted unrestricted weightbearing.
Radiographs were obtained using a Trophy IRIX 70 X-ray generator (Croissy Beaubourg, France) paired with an RVG digital sensor (Kodak, Atlanta, GA, USA) on the day of surgery, and again on Days 1, 10, 21, 28, and 56 after surgery.
For histologic evaluation, animals were euthanized after anesthesia by intracardiac injection of 4% paraformaldehyde (Sigma, St Louis, MO, USA). Both tibiae were dissected, rinsed in phosphate-buffered saline (Gibco, Carlsbad, CA, USA), and fixed in 4% paraformaldehyde. The samples were decalcified in 0.1 mol/L EDTA (Sigma), washed twice with diethylpyrocarbonate-treated water (Invitrogen, Carlsbad, CA, USA) dehydrated through a series of ethanol washes (Sigma), cleared with xylene (Sigma), and embedded in paraffin (Fisher Scientific). Eight-micrometer-thick sagittal sections were created using a Leica (Bannockburn, IL, USA) RM2165 microtome, placed on microscope slides, and stained with Safranin O and Fast Green (Sigma). An image of one slide per biological replicate was obtained using a Hamamatsu (Bridgewater, NJ, USA) Orca-ER digital camera mounted on a Leica DMRXE microscope on Days 1 (n = 1 wildtype; n = 5 bp), 5 (n = 3 wild-type; n = 3 bp), 10 (n = 6 wild-type; n = 3 bp), 14 (n = 6 wild-type; n = 6 bp), 21 (n = 6 wild-type; n = 6 bp), 28 (n = 7 wild-type; n = 6 bp), and 56 (n = 6 wild-type; n = 6 bp) postfracture. Using Openlab software (Perkin Elmer, Waltham, MA, USA), cartilage, organized bone, disorganized bone, and granular tissue were outlined by a reviewer based on histologic staining and tissue morphology. Openlab quantified the area of highlighted tissue from which the percent of the total area was calculated. Three reviewers Fig. 1A-B (A) Using two independent groups, the contribution of GDF-5 to fracture healing was assessed by a tibial osteotomy model stabilized by intramedullary and extramedullary fixation. Healing fractures in 10-week-old male bp mice with a GDF-5 null mutation and their wild-type background counterparts were compared during 56 days of healing. Radiographs were obtained of all animals participating in the study on Days 1, 10, 21, 28, and 56 after osteotomy. The effect of GDF-5 contribution to repair was assessed by histologic profiling on Days 1, 5, 10, 14, 21, 28, and 56 postfracture. Callus cross-sectional area was quantified on Days 10, 14, 21, 28, and 56 postfracture and mechanical assessments were conducted at Days 28 and 56 postfracture. (EB, AB, BS) were trained to quantitatively evaluate the sections, and each section was handled by one of the reviewers. Mechanical testing was conducted at Days 28 and 56 after fracturing. After dislocating the skull from the spinal column by applying manual pressure, both tibiae were explanted, rinsed, wrapped in phosphate-buffered salinesoaked gauze, and stored at À20°C. A custom four-point bending apparatus with a 10-pound load cell (Sensotec, Morristown, NJ, USA) was used to flex the thawed bones to failure (Fig. 3) . The indenter spanned the fracture site (1.35 mm) and applied a constant rate of axial displacement (perpendicular to the long axis of the bone) at 1.5 lm per second (through an Oriel stepper motor and controller; Irvine, CA, USA) on either side of the callus until failure. Load and displacement were recorded simultaneously with LabView software (National Instruments, Austin, TX, USA). The data are graphically displayed as the mean ± standard deviation.
After failure, a cross-sectional photograph of the fracture area was taken and converted into an eight-bit file with National Institutes of Health Image J (Bethesda, MD, USA) software. A custom program written in MATLAB (Natick, MA, USA) was used to determine the callus, cortical, and medullary cross-sectional areas of the fractured bones and to compute the bending moment of inertia (I). The modulus was calculated from the slope of the force-displacement curve (S) such that E = SL 3 /(48I). The ultimate strength (rult) was calculated from the peak force (Pmax) achieved with geometric considerations (rult = PmaxLD/8I).
Statistical analysis of histologic scoring evaluating differences in tissue composition between bp and control fractures was evaluated with Student's T-test using a twotailed distribution with equal variance on Microsoft Excel (Chevy Chase, MD, USA). Statistical evaluation of callus cross-sectional area, yield stress, and modulus between contralateral control and fractured conditions for bp and background wild-type control groups was conducted using one-way ANOVA with a Tukey's post hoc test using Microsoft Excel.
Results
Radiographic profiling of fracture repair indicated a similar rate of callus formation and ossification in bp and wild-type control mice. Initially, no callus was observed in either group (Fig. 4A-B) ; however, after 10 days, a callus had formed only in control animals ( Fig. 4C-D) . Control and bp fracture sites were denser at 21 days, suggesting To determine yield stress and Young's modulus, a custom four-point bending apparatus with a 10-pound load cell was designed to apply a constant rate of axial displacement until failure. calcification ( Fig. 4E-F) and remodeling by Day 28 as indicated by reduced callus size ( Fig. 4G-H) . Fifty-six days postfracture, the callus in both groups remodeled to their native shape ( Fig. 4I-J) ; however, the fractured tibiae were denser than in nonfractured contralateral control bones, suggesting remodeling was not complete.
Immediately after surgery, there were no noticeable histologic differences between the study groups ( Fig. 5A-B ). By Day 10, control calluses contained dramatically more cartilage, while bp fracture calluses retained granular tissue (Fig. 5C-D) . After 21 days, cartilage formation was evident in bp fractures (Fig. 5E ), while the control fractures showed evidence of remodeling into bone (Fig. 5F ). At Days 28 (Fig. 5G-H) and 56 ( Fig. 5I-J) postfracture, the fracture was calcified, but its remodeling remained incomplete. Histologic evaluation of repair tissue composition in bp and wild-type control mice showed a decrease in cartilage deposition in the absence of GDF-5, particularly at Days 10 and 21. The deposition of cartilage proceeded in a similar temporal profile in bp and control animals ( Fig. 6A) , however, the amount of cartilage in bp animals was substantially less than in controls at Day 10. Both study groups had a similar temporal profile of inflammatory cell infiltration, starting immediately after injury, peaking at Day 10, and decreasing thereafter. However, the bp fracture contained substantially more cellularity (Fig. 6B) , which was maintained at the fracture side after control levels returned to baseline. Woven and organized bone were similarly deposited, temporally and in quantity, in both groups (Fig. 6C-D) in which a steep initial decrease in organized bone and increase in woven bone after fracture were observed, stabilizing between 10 and 20 days postfracture. Although the final amount of bone deposited was similar, there was more woven bone present in control animals at an earlier time as compared with bp mice.
We observed reduced callus cross-sectional area in bp mice; however the repaired fracture was mechanically similar in the absence of GDF-5. Although the nonfractured tibial cross-sectional areas were similar in both groups, the bp calluses were consistently smaller than the control calluses ( Fig. 7) . With time, bp callus areas were equivalent to those of their nonfractured contralateral controls, whereas the wild-type calluses remained substantially larger than those of nonfractured controls. We observed a decrease in yield stress at Days 28 (p = 0.0005 in wild-type controls and p = 0.0001 in bp animals) and 56 (p = 0.0130 in wild-type controls and p = 0.0428 in bp animals) in fractured tibiae as compared with nonfractured contralateral controls (Fig. 8) . We similarly observed a decrease (p = 0.004) in Young's modus in fractured bp tibiae as compared with contralateral controls. Although the mechanical integrity of nonfractured contralateral controls increased as the mice aged, the relative values between the fractured and nonfractured contralateral tibiae were similar in the bp and wild-type animals.
Discussion
GDF-5 is a key regulator of embryonic skeletal development as evidenced by its specific expression in precartilage condensations [7, 15, 43] , on articular surfaces and joint interzones, and along the perichondrium [7, 15] . De novo bone formation can be stimulated in vivo by ectopic application of GDF-5 for spinal fusion [26, 39, 40] and nonunion fracture repair [39, 40] indicating the potential of GDF-5 in orthopaedic applications. The functional roles of GDF-5 in bone fracture repair involve enhancement of osteogenic differentiation [38, 49, 51, 52] and the stimulation of angiogenesis [37] . We therefore asked whether absence of GDF-5 during fracture repair impaired bone healing as assessed radiographically, histologically, and mechanically.
There are several limitations to this study. First, we had no quantitative method, such as blinded evaluation of radiographs or microCT, to evaluate bone mineral density. Although detailed evaluation of mineral density would enhance this investigation, we do not base the interpretation of this study on bone density and therefore consider such analysis to be supplementary and not critical in the study. Second, we did not explore the role of GDF-5 in the healing of nonunion fractures, as this was investigated by Spiro et al. [39, 40] . Third, the formation of intramedullary bone as a result of fracture fixation, a variable that may impair endochondral ossification, was not investigated.
The method of fracture fixation used here could significantly influence the process of fracture repair. As this fracture was created by osteotomy to avoid damage to the periosteum along with application of a stabilizing fixative at the suture points, the ends of the long bone were set in close proximity. A stable fracture fixation method such as this may support anastomosis at the end of long bone segments, leading to intramembranous bone healing [23] . Together, these factors may support intramembranous bone Fig. 7 The cross-sectional area of calluses at the site of failure were determined using image analysis software after mechanical testing in control wild-type (dark) and bp (light) fractured and nonfractured contralateral controls. The cross-sectional area was consistently greater in fractured bones as compared with nonfractured contralateral controls at all times with the exception of bp samples at Day 56. Control fracture calluses were consistently larger than bp fracture calluses at Days 10, 14, 21, and 28. Fig. 8A-B (A) Yield stress and (B) Young's modulus measurements in control (dark) and bp (light) fractured and nonfractured contralateral tibiae at 28 and 56 days postfracture showed that the control and bp fractured tibiae were weaker than their respective nonfractured contralateral controls. No difference was observed in yield stress between bp and wild-type fractured calluses. With time, the baseline yield stress and Young's modulus increased in bp and wild-type groups, suggesting a stiffer bone with age.
Volume 469, Number 10, October 2011 Fracture Healing in GDF-5-deficient Mice 2921 formation in parallel to endochondral ossification. However, in this study the histologic and radiographic endpoints focused solely on measures of endochondral ossification and not intramembranous, leaving an opportunity for future investigations. We analyzed the fractured bp tibiae histologically to assess cellular infiltration and the extent of chondrogenesis and ossification. Control mice had a histologically normal healing profile [22] , thus validating the modified fracture protocol we developed. At Day 10 postfracture, bp mice showed substantial infiltration of inflammatory cells and an absence of cartilage formation as compared with control mice. This delay in chondrogenesis continued through the first 3 weeks of healing, after which the fracture morphology was comparable in both groups. These data are similar to those profiled previously indicating enhanced cellular infiltration and delayed chondrogenesis in bp fracture repair [5] . Because healing was temporally similar in bp and control mice, it is likely the stimulatory signals initiating general cellular infiltration and callus formation were released in the appropriate spatiotemporal profile in bp mice and that the responding cells were present and capable. However, the specific reduction in cartilage quantity would suggest a particular inadequacy in the initiation of chondrogenesis in the fractured bp tibiae, as would be expected in a tissue environment deficient in GDF-5. Because GDF-5 deficiency causes alterations in cell migration [15, 21] , cell condensation [8] , chondrogenesis [8, 15] , and chondrocyte hypertrophy [9] , it therefore is consistent that bp callus areas were reduced in size with minimal cartilage formation.
Image analysis of the histologic specimens showed the bp callus contained substantially more inflammatory tissue for a longer time but peaking similarly to controls at Day 10 postfracture. Although the presence of inflammatory cells diminished with time, it was not replaced with cartilage as in control animals. Because cartilage formation in the soft callus of bp mice was reduced and delayed, the corresponding increase in inflammatory tissue possibly impaired the mechanical stability normally provided by cartilage. The composition of the hard callus was comparable in terms of the temporal profile of formation and in quantity between the control and bp animals.
Cross-sectional area analysis and mechanical testing showed comparable structural integrity in the healing fractures between the control and bp animals in the late stage of fracture healing. These data differ from those reported previously [5] , in which a delay in bp fractures reaching peak callus area was observed. However, in this study after 56 days, the remodeled bp callus area was similar to that in the nonfractured contralateral control. The strength of repairing bp fractures was consistently comparable to that of the wild-type controls. After 56 days, we observed a trend for greater stiffness in repairing bp fractures. The mechanical integrity data of the nonfractured control tibiae presented here differ from those reported by Mikic et al. in which bp femurs were mechanically inferior to those of wild-type controls [32] . This disagreement may be the result of using a different testing method (bending versus torque) to measure mechanical stability, the inherent difference between the tibial or femoral mechanics, or the skeletal maturity of the mice used in the model system.
Because GDF-5 deficiency causes alterations in cell migration [15, 21] , cell condensation [8] , chondrogenesis [8, 15] , and chondrocyte hypertrophy [9] , it therefore is consistent that bp fractures were reduced in size with delayed and reduced chondrogenesis. As fracture repair recapitulates many aspects of embryonic skeletal development, it can be extrapolated that GDF-5 in the callus acts to stimulate reparative cell recruitment, condensation, and chondrogenic differentiation, and possibly also initiate vascularization. The lack of functional GDF-5 in bp mice thus might result specifically in a decrease in progenitor cell recruitment from the marrow stroma and/or periosteum. Reduced progenitor cell number and/or density, along with the absence of GDF-5-stimulated chondrogenic signaling, therefore would lead to decreased cellular condensation and chondrogenesis, resulting in reduced callus cross-sectional area and cartilage composition. Given its proangiogenic activity, the absence of GDF-5 also might result in decreased vascularization and therefore delayed transition from callus to bone [48] . Alternatively, delayed chondrogenesis and subsequent bone remodeling as a result of GDF-5 deficiency may have been compensated for by other factors, such as intramembranous bone formation. GDF-5 deficiency impairs the chondrogenic process during fracture healing, although ultimately the bones heal as well as in control mice. Because GDF-5 is a potent activator of chondrogenesis in callus formation, and therefore a key moderator of fracture healing, the application of GDF-5 as a therapeutic factor for nonunion fracture healing is of considerable interest for further investigation.
